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Photothermal Deflection in a Synthetic Sapphire Crystal
George Noid
Mentor: Dr. Joseph Kovalik
Researchers use a process known as photothermal deflection spectroscopy, PDS to nondestructively probe both the surface and the interior of an optical material, such as a synthetic
crystal (AI 20 3). PDS utilizes a temperature gradient caused by a powerful pump laser in order to
create a thermal lens. A Position sensing photo-diode then detects the deflected probe laser. We
observed the deflection through a cross-section of a single crystal by translating the intersection
of the lasers. From that data properties of a crystal, specifically small impurities, are localized.
The techniques therein devised can then be applied to sample a variety of crystals. PDS may be
preferred over chemical methods because it leaves the sample undamaged. Sapphire of the purity
and size required for advanced LIGO test masses are difficult to synthesize and hence unlikely to
be subjected to highly sensitive but destructive analysis.
Introduction:
Detection of gravitational waves is an inherently difficult task. After the success of
general relativity to predict astronomical phenomena, a way to directly verify the predicted
disturbances in space time was sought. Bar detectors were first used in an attempt to 'tune' a
massive object to the frequency of a gravity wave. Recently, researchers have adopted laser
interferometers reminiscent of the famed Michelson Morley experiment. LIGO is one such
device. Unfortunately, the sensitivity necessitated to detect such a faint signal introduces noise
which can be difficult to discard using even the most state of the art computer methods.
Therefore an advanced LIGO has been proposed which would both increase the
sensitivity and reduce the noise. One improvement over LIGO I is the introduction of synthetic
sapphire (Aluminum Oxide) test masses as a substitute for the current fused silica masses.
Synthetic sapphire crystals as compared to fused silica have a higher thermal conductivity and
density. It has been demonstrated experimentally that sapphire reduces absorption loss as
compared to fused silica (1). Hence, they not only reduce the thermal noise they also dampen out
vibrations due to their higher mass (assuming equal volume).
However, optically pure sapphire crystals cannot be synthesized at the scale which
advanced LIGO requires. Researchers have also found that using the most sophisticated
techniques still introduces trace contaminants of heavy metals. Steve McGuire has measured the
quantities of these elements, however x-ray spectroscopy gives no information on the location of
the impurities within an aluminum oxide crystal. On the other hand, less invasive laser
techniques such as photothermal deflection give exactly such measurements. The benefits of such
information can not only help LIGO scientists to calculate noise sources but also test the
effectiveness of manufacturing processes.
PDS is a non-destructive method for determining the bulk physical properties of a
sample. The process was first used by Claude Boccara and Daniel Fournier in 1979.(2) Based on

the temperature dependance of the index of refraction, it is a very versatile technique which can
detect surface phenomena and delve into a transparent medium. Our experiment honed the
techniques and methods of Wolfe and Leibrandt (surf 2001) on essentially the same project. We
found that by isolating the crystal from vibrations caused by chopping the beam, we could
increase the signal to noise ratio to above 10 to 1.
Methods:
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The sample was a single cylindrical
crystal composed of Aluminum Oxide. It was
measured to be 12.7 mm in diameter and 38.1
mm in length and was a product of crystal
systems incorporated. The index of refraction
of the crystal was found to be 1.862 at room
temperature. We placed the crystal on an X,Y
translation stage to scan through it.

Photo Thermal Deflection

PDS works on the principle that a
gradient in the index of refraction can be caused
by a gradient in temperature.(3) A powerful pump laser creates this gradient in temperature. We
used a 700 m W Nd YAG with a wavelength of 1064 run (the same wavelength which LIGO
operates at). Then we modulated the beam with a Thorlabs mechanical chopper to create a time
varying temperature gradient. The gradient in the index of refraction deflected a less powerful
probe laser beam, in our case a 5 m W He Ne laser with a wavelength of 632.8 run. We detected
the deflection on a quad cell photo detector.
A major source of false positive
signals is from the vibrations caused by
mechanical chopping. Since the
frequency of the deflection coincides with
the frequency of the vibration isolating
the vibration of the photo diode from the
deflection in the crystal is of primary
importance. We circumvented this
difficulty by chopping the pump beam on
one laser table (Laser Table 1) while the
crystal and probe beam were located on a
. . ..
second laser table. (Laser Table 2) The
,.
.. .. . .
pump beam was injected into a single
mode polarization maintaining fiber
Laser Table 1
which transmitted the laser power from
one table to the other. The injection was facilitated with a aspheric lens. The beam was
refocused on the second table with another aspheric lens. Unfortunately, the process of injecting
the laser into the fiber proved to be the most difficult task of the experiment. Our best efforts
resulted in transmitting 300 m W of laser power. The fiber was also found to be unstable at
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transmitting the energy, thus the time intensive process
of manual laser injection using a five axis fiber aligner
w~s performed multiple times a day.
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Aligning the beams inside the crystal is also a
non-trivial task. We used Beam Scan software with
both beams simultaneously incident on the detector.
Saturation of the device was prevented by filtering the
pump beam. We hoped to defray the reduction in laser
power by precision alignment of the two beams. By
using our technique the beams could be aligned so that
their interaction was only in one direction. (see figure
below) We thus could expect the deflection to be
primarily in a single direction. The crossing angle was
found to be on the order of .001 degrees. The waists
were 80 micrometers each.
The probe beam was then shot through a beam
tube and onto a Quad Cell photo detector, a high
precision position sensing device. We used a signal
analyzer running a Fast Fourier transform (FFT) to
collect our data.

Laser Table 2
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Laser alignment

False Positive Test FFT
1.BOE-04

1.60E- 04

1.40E-04

- - - He Ne , YAG

1.20E- 04

I

1.00E-04

- - - No He Ne , No
YAG

B.00E- 05

No He Ne ,
YAG

6.00E-05

4 .00E-05

- - - He Ne, No
YAG

2.00E- 05
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Before we scanned through a cross section of the crystal we performed a variety of false
positive tests. Above is one such test showing a distinctive peak only when both lasers were
operational. The primary source of our false signals was the YAG scattering onto the detector.
We eliminated this by adding several filters, a beam tube, and a variety of beam dumps to shield
the quad cell detector.
We attempted to Lock - In amplify our signal, as suggested by both McGuire and
Wolfe/Liebrandt. (4,5) Unfortunately, no positive identification of the signal was achieved. This
could be due to a lack of laser power.
Results:
Below is a graph of one cross section through which we scanned through. The X and Y
coordinates correspond to points in the crystal separated by .003125 inches. The Z axis is the
height of the peak above the noise base in micro-Volts. Note that the cross section is longer in
the Y direction, giving a skewed sense of symmetry.
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